Abstract In this article, the empirical mode decomposition method combined with the Hilbert spectrum method (EMD ‫ם‬ HHT) is used to analyze the free-field ground motion and to estimate the global structural property of building and bridge structure through the measurement of seismic response data. The EMD ‫ם‬ HHT method provides a powerful tool for signal processing to identify nonlinear and nonstationary data. Based on the decomposed ground-motion signal, the absolute input energy of each decomposed wave was studied (the fling step [pulselike wave] can be separated from the recorded near-fault ground motion). Through application of the EMD ‫ם‬ HHT method to building and bridge seismic response data, the time-varying system natural frequency and damping ratio can also be estimated. Damage identification from seismic response data of buildings and bridges, particularly from the Chi-Chi earthquake data, is also described.
Introduction
For the purpose of damage assessment of structures during strong ground excitation, it is desirable to identify the severity of damage based on the input-output measurement. It is believed that structural identification from input-output data can lead to an understanding of the deterioration mechanism. A main disadvantage of structural identification has been the lack of experimental information on an actual structure. Both ambient vibration tests and forced vibration tests can provide information for structural system identification only from a low level of excitation. However, strong-motion instrumentation on structures to collect earthquake response can also provide valuable information for the safety assessment of the structure.
Much work has been done on structural identification of linear systems using both input and output data revealing a number of efficient algorithms. The recursive least-squares time-domain identification of structural parameters provides an on-line global identification method of a linear system (Caravani et al., 1977) . Identification of time-varying model parameters is also studied through the adaptive model identification method (Ljung and Soderstrom, 1983; Goodwin and Sin, 1984; Loh et al., 1996) . The spectral element method is also applied to identify the dynamic characteristics of substructure from the frequency domain (Loh and Lee, 1997) . Damage identification based on a nonlinear dynamic models has not yet been widely reported. The most common method to identify the nonlinear system with the prior information on a nonlinear model is the application of Kalman filter technique (Hoshiya and Sato, 1984) . Modal parameter identification methods without input information have also been discussed. These methods include the two-stage leastsquares method, the parametric time-frequency identification method, and the changing spectrum method. Through this study, the development of a nonstationary and nonlinear (earthquake) signal-processing method was discussed.
The purpose of this article is to use different identification methods to identify the fling step from near-fault ground motion and to estimate a time-varying dynamic characteristic of building and bridge structure from seismic response data and experimental data. The empirical mode decomposition (EMD) method, developed by Huang et al. (1998) , is a powerful method that can detect a nonlinear and nonstationary signal. Application of the method to the seismic response data of structures and free-field ground motion is carefully studied. Structural seismic response data studies will concentrate on the signal processing of structural responses using empirical mode decomposition with Hilbert spectrum analysis (called the EMD ‫ם‬ HHT method). In order to detect structural damage, the Hilbert marginal spectrum was generated, from which the time-varying system natural frequency and damping ratio can be estimated. The identification results were compared to a time domain identification method such as the system realization information matrix (SRIM) method. The EMD ‫ם‬ HHT method provides a powerful method for the identification of nonstationary seismic response data. Figure 1 . Ground-motion acceleration from the Chi-Chi earthquake, collected at stations TCU068, TCU052, and TCU075. The calculated velocity, which indicates large amplitude and long-period waves in the velocity waveform, is also shown.
Taiwan Strong-Motion Instrumentation Program
In 1991, the Central Weather Bureau developed a program called the Taiwan Strong-Motion Instrumentation Program (TSMIP). In this program the free-field strong-motion array as well as the structural seismic monitoring array was developed. Now over 600 free-field seismometers are deployed on the island and over 50 structures (including buildings and bridges) are instrumented with a seismic monitoring system. This program provides valuable information on the collection of strong ground motion data and the seismic response data of structures. For example, the Chi-Chi earthquake with magnitude 7.3 (M L 7.3) that occurred on 21 September 1999 directly struck the central part of Taiwan. Valuable ground-motion data with near-fault ground-motion characteristics were collected. Figure 1 shows the groundmotion acceleration and its calculated velocity at some station along Chelungpu fault from the Chi-Chi earthquake. It is clear that large amplitude and long-duration pulselike waves exist in some of the velocity wave forms. These pulselike waves are characteristic of near-fault ground-motion.
Under the TSMIP program, many buildings and bridges containing instrumentation also collected a lot of seismic response data. Among these structures, we selected the seismic response data of a damaged seven-story RC building, as shown in Figure 2a . In addition to the Chi-Chi earthquake, seismic response data from other earthquakes for this building were also studied, as shown in Figure 2b . On the contrary, not much seismic response data for bridges was collected for the Chi-Chi earthquake. For example, the NewLian River Bridge had been instrumented with a structural array of 30 strong-motion accelerometers along its deck, at its abutments, and at a nearby free-field location, as shown in Figure 3a . It is a continuous five-span prestress box-girder bridge located near the northwest coast of Taiwan. Besides the Chi-Chi earthquake, other earthquake events occurred at the eastern coast of Taiwan, which triggered the seismicmonitoring system of this bridge (Fig. 3b shows the recorded acceleration at channel 10 from four different events). Based on the recorded acceleration responses from the bridge structure, three different levels of response ranging from weak motion to strong motion are specified. Earthquake information (magnitude, depth, etc.) for these events is listed in Figure 2 . Fig. 4a . The isolators were designed to absorb the energy during earthquake excitation. The first set of seismic response data for this isolated bridge is collected from the 22 October 1999 earthquake. Figure 4b shows the recorded acceleration at channels 16, 18, 23, and 24. Identification was performed on this seismic response data, so the dynamic characteristics of the bridge with the base isolation system can be identified.
Theoretical Background of the Empirical Mode Decomposition Method
A new signal-processing technique to detect the nonlinear and nonstationary signals, the EMD method and Hilbert spectrum analysis, was introduced by Huang et al. (1998 Huang et al. ( , 1999 . This method consists of two main parts to analyze the time-series data. The first part is to decompose any timeseries data x(t) into a set of intrinsic mode functions (IMFs) by using the EMD method. The second part is to apply the Hilbert transform to each IMF. Through the application of the EMD with Hilbert spectrum analysis, the system natural frequency and damping ratio of the structures can be identified. A brief description of the method is discussed.
Consider an original time-series data x(t), one may perform the following mathematical operation
11 11 where m 11 (t) is the mean value of the lower envelopes and upper envelopes for x(t). Next make the same shifting procedure for h 11 (t), that is,
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Keeping the same shifting procedure until h 1k (k) converges, the subchannel signal c 1 (t) is defined as follows:
Thereafter, the residue signal r 1 (t), which is equal to x(t) minus c 1 (t), is treated as a new data and subjected to the same shifting process as described previously. Then another subchannel c 2 (t) is generated. Repeating those procedures, eventually, the original data x(t) is decomposed into n empirical mode plus a residue term, that is,
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A complete description of the sifting process can be found in the article by Huang et al. (1998) . The second part is to apply the Hilbert transform for each IMF component,
and defined an analytic signal as
Then the instantaneous frequency can be calculated:
dt Both amplitude and frequency of each IMF are a function of time and can be represented as a function of time-frequency-amplitude in the three-dimensional space, which is named the Hilbert spectrum H(x,t). Furthermore, the Hilbert marginal spectrum h(x) is defined as
This marginal spectrum measures the total amplitude contribution from each frequency value. The empirical mode decomposition is accomplished through a sifting procedure defined as extreme sifting (ES). In ES, the location of t for x(t) ‫ס‬ 0 is defined as the location of extremum. The time spacing between successive extrema is the extrema scale. If one examines the data more closely, then one will find that even the spacing of extrema can miss some subtle time-scale variations for there are weak oscillations that can cause a local change in curvature but not create local extremum. To account for this type of weak signal, another sifting process, designated as curvature sifting (CS), was introduced. Mathematically it is equivalent to finding the extreme value of ẋ/(1 ‫ם‬ ẋ) 3/2 . When one obtains the data, one can compute the curvature according to the previous equation. Once the curvature values are obtained, then, all the extrema of curvature values can be calculated. This combination of extrema of data and the extrema of the curvature are treated as the total set of extrema. In general, when the signal-to-noise ratio is low, the curvature sifting procedure could be plagued by the noise and given a false reading.
Application of the aforementioned sifting process (ES or CS) may be difficult when the data contain intermittency, which will cause mode mixing. To overcome the mode mixing, a criterion based on the period length is introduced to separate the waves of different periods into different modes. The criterion is set as the upper limit of the period that can be included in any given IMF component. In general, the use of the intermittency criterion should be monitored carefully. Because any addition criterion introduced in the sifting process implies an intervention with a subjective condition, it could cause bias in the final result.
Application to Damping Estimation
The EMD method is also being developed to extract damping loss factor as a function of time and frequency (e.g., Salvino, 2000) . It is to formulate a time-dependent decay function for each empirical mode i (for simplicity, the mode index i is omitted). The ith mode analytic signal in equation (6) can be written as
Then, a time-dependent decay function can be modeled aṡ
The dot in equation (10) denotes the time derivative. In the next step, the damping ratio y(t) and the damping loss factor g(t) are formulated as
(11)
The damping loss factor g(t) can be evaluated at a given time t and frequency x, which is modeled by the EMD method and Hilbert transform method:
0 Then, the g(t) can be further represented as a function of time and frequency in a three-dimensional space, which is named the Hilbert damping spectrum g(x,t):
If the frequency-dependent damping is only feature of interest, a root mean square time average of g(x,t) over a time period from 0 to T can be written as
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The frequency-dependent damping was based on the result from the EMD ‫ם‬ HHT analysis. Then, the frequency-dependent damping loss factor can be calculated from equation (14).
Identification of a Pulselike Wave from Near-Fault Ground-Motion Data
Design method is based on the premise that the energy demand during an earthquake can be predicted and that the energy supply of a structural system can be established. A satisfactory design implies that the energy supply should be larger than the energy demand. The energy demand during an earthquake can be expressed as the absolute input energy Ei. It was defined as (Uang and Betero, 1990) :
t g Ύ where t is the absolute acceleration response of a nonlinear SDOF system, and g is the ground displacement. An elasticperfect plastic nonlinear model was used to evaluate the structural response. The absolute input energy can provide information on the seismic demand. Based on the ground-motion data collected near Chelungpu fault, the EMD method was used to decompose the ground acceleration into several IMFs. The peak acceleration of each IMF was identified. Because each IMF is uncorrelated to each other then dominant frequency of each IMF can also be estimated. Figures 5a and 6a show the peak ground acceleration (PGA) of each IMF with respect to the identified dominant frequency of that IMF. From these figures the distribution of PGA of each IMF with respect to dominant frequency can be observed. It is found that for data from station TCU068 (Chi-Chi earthquake), a large PGA value was observed even at a very low frequency band (0.1 and 0.2 Hz). On the other hand, for data from station TCU048, no significant large PGA value was observed for frequency below 0.4 Hz. The cumulative IMFs starting from the high-frequency signal (a 1 (t)) to the low-frequency signal (a 14 (t)) can be used as input motion to evaluate the absolute input energy. The input motion is defined as:
where d is the cumulative number of intrinsic mode functions starting from highest frequency. Figure 7 shows the decomposed IMFs and its corresponding Fourier amplitude spectrum. A total of 14 IMFs are decomposed from data collected at station TCU068. Based on equation (16) the absolute input energy Ei with the consideration of g (t;d) as input is calculated, as shown in Figure 5b . For data from station TCU068 a significant amount of change in input energy was observed in the calculated Ei value by choosing d ‫ס‬ 8 and d ‫ס‬ 9, respectively. This means that contribution of a 9 (t) IMF, which contains a large amplitude and a longperiod wave (low-frequency wave), will induce a significant increase in input energy. It means the pulselike wave was identified by summation of IMFs from a 9 (t) to a 14 (t). Separation of recorded acceleration into two parts can be done, one is the dynamic part a d (t) ‫ס‬ a 1 (t) ‫ם‬ . . . ‫ם‬ a 8 (t), and the other is the fling-step part a p (t) ‫ס‬ a 9 (t) ‫ם‬ . . . ‫ם‬ a 14 (t). The contribution of the pulselike wave in the recorded ground-motion acceleration can be obtained, as shown in Figure 5c . Figure 6b shows the Ei value from data at station TCU049, which is different from the station TCU068 data. It is difficult to identify the low-frequency IMFs that can cause the significant change in absolute input energy. In such a case no significant pulselike wave exists in this acceleration data of station TCU049. From Figure 6c one can see that there is almost no significant contribution of pulselike wave from a low-frequency IMF. The calculation of absolute input energy from each IMF gives a systematic way to separate the ground motion into a dynamic part and a significant pulselike wave part.
Time-Domain System Identification Form Input/Output Data Different from using the high performance signal processing technique (EMD ‫ם‬ HHD method) directly on the measured response data, system identification can also be performed from the input/output seismic response data of building and bridge structures. One group of techniques uses a nonparametric approach to determine the input-output map using the least-squares method. The input-output map is characterized by a system model that may not have any physical meaning explicitly. A system realization algorithm with information matrix was used to study the building response data. Based on the mathematical framework the system realization using the information matrix (SRIM) is established (Junag, 1997). A brief description of the method is discussed. Consider a state space linear discrete time system model
where x is system state, y is system output, and u is input. The SRIM is derived using the state space discrete time linear equation to form a data correlation matrix for system identification. Based on the discrete-time ARX model the following matrix equality can be developed:
p p where
and Y p (k) and U p (k) are expressed in the form shown in equation ( 19a) and (19b) .
Postmultiplying equation (19) by , one can obtain the One may take a singular value decomposition to factor the matrix R hh , then the state matrix A can be obtained. With the estimated system matrix A, the dynamic characteristics (system natural frequency and damping ratio) of the structure can be estimated.
Seismic Response Identification of a Seven-Story Building
The seven-story reinforced concrete (RC) building structure (Fig. 2 shows the side view) located at National Chung Hsing University (NCHU), Taichung. From the reconnaissance report of the 1999 Chi-Chi earthquake, this building was identified as having moderate damage. In this section both the EMD ‫ם‬ HHD signal-processing technique and system realization identification algorithm are applied to estimate the dynamic characteristics of this seven-story building from its seismic response data. In order to compare the change of dynamic characteristics of this building, seismic response data collected from this building under different earthquake loading was also selected for identification. Three low-level seismic response data sets (i.e., data from the 23 February 1995 earthquake, the 25 June 1995 earthquake, and the 5 March 1996 earthquake, respectively), of this building were selected for this study. Figure 2c shows the comparison on the recorded acceleration at the roof of the building in the east-west direction from four different earthquakes.
Based on the EMD method, the ES, CS, and intermittence sifting processes were used to analyze the seismic response data, and the Hilbert spectrum was used to analyze each IMF. The average Hilbert spectrum from the signal of each channel was calculated. Figure 8a shows the comparison of frequency-time-amplitude of the response signal at channel 22 between the 25 June 1995 event and the 21 September 1999 event. From observation of Figure 8a , it was found that the frequency-time-amplitude distribution from strong-motion excitation (21 September 1999 event) showed more low-frequency signals than the results from seismic response of weak ground motion excitations. From the Hilbert marginal spectrum, as shown in Figure 8b , the identified dominant frequency from Chi-Chi earthquake shifted significantly to lower frequency as compared to the results of the 25 June 1995 earthquake. The average damping loss factor g(x) from data of channel 22 is shown in Figure 8c . In Figure 8c , the identified damping loss factor of this building from the data of the 21 September 1999 earthquake is greater than the results from other weak seismic event data, particularly in the low-frequency range. It is clear that the damping loss factor of this building was increased during the Chi-Chi earthquake (especially at the low-frequency range). Comparison of the amplitude distributions of the average Hilbert marginal spectrum at different floor levels for different events is also plotted in Figure 9 . The x axis of Figure 9 shows the sensor location along the height of this building, the y axis shows the frequency value, and the h(x) is displayed with color scale. Darker red color indicates the location of dominant frequency. In Figure 9 , the identified natural frequency of this building is concentrated at 2.0 Hz (continued)
from the analysis of 21 September 1999 Chi-Chi earthquake. On the contrary the identified results from the weak excitation events are concentrated at 3.0 Hz. It is obvious that the natural frequency of this building significantly changed under the excitation of the Chi-Chi earthquake (damage of the building was clearly observed).
The aforementioned SRIM method was also applied to identify the system's natural frequency and damping ratio of this seven-story RC building in National Chung Hsing University. The identified natural frequencies and damping ratios are listed at Table 2. It is clear that the identified natural frequency from two different methods were very consistent, but the identified damping ratios from the EMD differ with the results of SRIM. Note that the estimated damping loss factor g(x) from the EMD method was frequency dependent, but the identified damping ratio from the SRIM method resulted from an equivalent linear system.
Application of EMD ‫ם‬ HHT to Seismic Response
Data of Bridges Case 1 Study: Identification of New-Lian River Bridge
In the case 1 study, the application of the EMD ‫ם‬ HHT method was used to study the seismic response data of NewLian River bridge (as shown in Fig. 3 ) from both weak and strong ground excitation, as listed in Table 1 . Based on the EMD ‫ם‬ HHT method, the ES, CS, and intermittence sifting procedure was used to analyze the seismic response data.
Hilbert transform was used to analyze each IMF, and then the Hilbert spectrum and damping loss factor for each channel were calculated. Fig. 10a shows the frequency-timeamplitude of the average Hilbert spectrum (results using either the ES, CS, or intermittence sifting procedure) at channel 10 from two seismic events. From the Hilbert marginal spectrum (also shown in Fig. 10b) , it is observed that for data from both the 25 June 1995 and the 10 February 1995 earthquakes, high-frequency signals were identified at channel 10. The average damping loss factor is also plotted in Figure  10c . The Hilbert marginal spectrum and damping loss factor estimation from the data of two events at channel 10 looks almost the same. The amplitude distribution of the average Hilbert marginal spectrum of both vertical and transverse motions along the bridge deck is also examined, as shown in Figures 11 . The x axis shows spatial sensor location along the bridge deck, the y axis shows frequency value, and amplitude of h(x) is displayed in red-scale, with the darker red color indicating a larger amplitude value. Figure 11a shows the amplitude distribution of the average Hilbert marginal spectrum of vertical vibration from channels 10 and 12 of the bridge. In Figure 11a , the identified frequency from the 25 June 1995 earthquake shows that high-frequency signals were observed in vertical vibration. The amplitude distribution of the vibration in transverse direction of the bridge is also plotted in Figure 11b . From observation of Figure  11b , it is found that the natural frequency at the central part of the bridge was lower than the results at the two sides of the bridge, and the maximum amplitude of Hilbert marginal spectrum appears at the central part of the bridge (located at the center of span).
Case 2 Study: Identification of Chai-Nan River Isolation Bridge
Identification of dynamic characteristics from the seismic response of bridge structure with isolation (isolator was designed and install at the top of two piers) was conducted, as shown in Figure 4a . Seismic response data of Chai-Nan River bridge from the 22 October 1999 earthquake was collected. The identification will concentrate on the seismic response data between input and output of the isolator, and the construction joint at the left side of the bridge. By adapting the EMD ‫ם‬ HHT method the average Hilbert spectrum from data recorded at channels 16 and 18 (i.e. longitudinal direction at the top of pier and at the center span of bridge girder, respectively) was calculated first, as shown in Figure 12a .
From the estimated frequency-time Hilbert spectrum at channels 16 and 18, one can find that most of the highfrequency signals were filtered from the data of channel 18, from which the effect of the isolation system can be clearly observed. It also shows that the estimated damping loss factor at channel 18 (at the bridge deck) is much higher than at channel 16 (at the top of the bridge pier and underneath of isolator). Also, from data at channels 24 and 23 (i.e., at the left side of the bridge where construction joint is located), the average Hilbert spectrum from each recorded data was also calculated, as shown in Figure 13a . It was found that the Hilbert spectrum calculated from channel 23 (transverse direction) preserved more high-frequency signal than the spectrum from channel 24 (longitudinal direction). The energy distribution of channel 24 was concentrated at 1.0 Hz, but some high-frequency signals were identified from channel 23. This situation is due to the fact that impact phenomenon occurred between the shear key and the bridge girder (at left abutment) in the transverse direction. The frequencydependent amplitude distribution of the average Hilbert marginal spectrum and the frequency-dependent damping loss factor g(x) are also plotted in Figure 12b for channels 16 and 18 and in Figure 13b for channels 23 and 24. The amplitude distribution of average Hilbert marginal spectrum at location of accelerometer along the bridge deck for the ChaiNan Bridge is also shown in Figure 14 . The x axis shows the spatial sensor location along the bridge deck, and the y axis shows the frequency value. from channels 24, 16, 18, and 21 in the longitudinal direction. Because of the impact between the shear key and bridge girder, from the observation of Figure 14 , it is clear that significant high-frequency energy was identified in the transverse direction than in the longitudinal direction particularly at the abutment of the bridge. The isolation system at the top of the pier can reduce the high-frequency signals transmitted from the pier response in longitudinal direction.
Implementation of the SRIM method for the data collected from the Chai-Nan River bridge was also studied. The identified dominant frequency of the bridge is shown in Table 3. By comparison on the identified results between the EMD ‫ם‬ HHT method and SRIM method, it is clear that the identified natural frequency from two different methods was consistent, but the identified damping ratios from the EMD differ with the results of SRIM. The EMD ‫ם‬ HHT method provides a technique to identify the time-and frequencydependent signals.
Conclusions
This article applied the EMD method and the absolute input energy of SDOF system to estimate the pulselike wave in the near-fault ground motion, particularly from the ChiChi earthquake data. Application of the EMD ‫ם‬ HHT method to estimate the dynamic characteristics of building and bridge structures from their seismic response data is also conducted. Through the analysis, the following conclusions are made:
1. The empirical mode decomposition method provides a very powerful tool for the analysis of frequency-time domain signals. The nonlinear and nonstationary characteristics of signals can be observed through this analysis. The application of EMD method with Hilbert transform to the seismic response data of building structure can detect the time-varying system natural frequency and damping ratio. 2. By considering the IMFs, decomposed by the EMD method, one can evaluate the absolute input energy of a SDOF nonlinear system. Through the judgment of abrupt change of input energy from each IMF, the pulselike wave of near-fault ground motion can be identified. These pulselike waves exist in a low-frequency component of near-fault ground motion. 3. By comparing the identified results between the EMD ‫ם‬ HHT method and the SRIM method, the identified natural frequency from two different methods was consistent, but the identified damping ratios from the EMD ‫ם‬ HHT method can have the frequency-dependent characteristics of damping value, which differ from the results of SRIM. The damping loss factor g(x) was frequency dependent, but the identified damping ratio from SRIM was a value using an equivalent linear system. 4. From the identification of a seven-story building at NCHU, the EMD ‫ם‬ HHD method can also provide a frequency-time-amplitude spectrum from which the damage of the structural system can be observed. Through comparisons between the Chi-Chi earthquake data and other small event data the building damage condition can be observed. 5. In the analysis of seismic response data of Chai-Nan River bridge, the characteristics of the isolation system and the impact at the abutment during earthquake loading can be identified. With the Hilbert damping spectrum method, the damping loss factors are estimated as a function of time and frequency.
